The oil boom in North Dakota is aided by hydraulic fracturing, often referred to as fracking. Fracking uses a pressurized water, sand, and chemical mixture to break through layers of rock and release oil and gas. This procedure produces hundreds of truckloads of wastewater for each fracked well. In this study, we analyze the financial feasibility of a system of wastewater recycling and reuse to reduce total truck use and to conserve water supplies. We present a spatial mathematical programming model to assess the minimum cost of dealing with the potentially treatable portion of the fracking wastewater that flows back from North Dakota oil wells after fracking. Results of modeling demonstrate that mobile on-site treatment plants would be cost-effective. Both the public and private sectors have incentives to support the development of appropriate recycling technologies.
INTRODUCTION
The development of shale oil and gas formations is expected to provide increased energy supplies, economic development, and environmental challenges in many regions (International Energy Agency ). The oil boom in North Dakota's Bakken shale formation is aided by hydraulic fracturing, often referred to as fracking. This technology allows oil and gas to be extracted from hydrocarbon rich oil shale.
Fracking uses a pressurized water, sand, and chemical mixture to break through layers of rock and release oil and gas.
This technology uses large amounts of water and produces large amounts of wastewater. For example, in 2010, 300 wastewater wells in North Dakota disposed of 132 million barrels of fracking wastewater, also known as flowback (Bjorke ; MacPherson ).
The large amount of water used in fracking is a concern, given that western North Dakota is a semi-arid region with limited groundwater. Estimated annual water use for the North Dakota oil industry is expected to be nearly 4.24 billion gallons (Harms ) . This equates to the average quantity of water used for 39,000 American households (Environmental Protection Agency ). Furthermore, unlike other water uses, fracking wastewater water in North Dakota remains permanently stored in deep wells and is not returned to the water cycle. In response to these constraints, the Army Corps of Engineers (ACE) proposed a plan to charge drillers for the use of surplus Missouri River water in Lake Sakakawea. However, the plan was temporarily withdrawn in May 2012. The North Dakota State Water Commission, which regulates water use and permits water withdrawals in North Dakota, is opposed to pricing of surplus water (Shaver ) .
The proper disposal of fracking wastewater is also an issue. Currently, oil drillers in the Bakken region of North Dakota dispose of their drilling wastes primarily in saltwater disposal wells (SWDs) (Figure 1 ). Although the scarcity of injection wells in Pennsylvania has led natural gas drilling operations in the Marcellus Shale Basin to adopt systems to recycle fracking flowback water, the salinity of Bakken fracking wastewater has made recycling problematic (Stepan et al. ; Rassenfoss ) .
In this study, we use a spatial mathematical programing We begin with a background discussion on oil drilling and fracking in North Dakota. Subsequently, we present a least-cost spatial optimization model. Finally, we present the parameters used in our modeling analysis and results. Although the appropriate recycling technology that will eventually meet the needs of the Bakken oil producers has yet to be identified, and the associated costs remain speculative, we believe an initial assessment of the financial and environmental benefits of reducing truck transport of fracking wastewater will be useful in water management decisions. We conclude with a discussion of the financial incentives toward developing suitable wastewater treatment and recycling technology.
BACKGROUND
North Dakota has had a productive energy sector for many years prior to the current shale oil boom. North Dakota is one of the nation's leading coal producing states, with four lignite mines and six coal fired electricity generation plants located in the center of the state, just east of the core area of the Bakken. Oil has been produced in North Dakota Table 1 presents data on oil production and population change in this four county area.
The process of fracking and flowback water retrieval varies widely for North Dakota oil wells. It typically takes 1-2 weeks to hydraulically fracture, or frack, a shale oil formation, but the time varies from a few hours to a month.
Water is trucked into the site from one of the 85 permitted water depots in the Bakken region. Different figures are reported for the quantity of water used to frack a well, but 2-3.5 million gallons of water are used in most wells (Schuh ; Dalryrmple ). A fracking solution of water, sand, and chemicals is mixed in water tanks and injected into the well at high pressure. This solution opens channels in the formation that allow for the release of oil.
Often the well is shut in after the frack in order to maintain pressure. Because of pressure in the formation, 10-70% of the water injected returns to the surface without pumping (Environmental Protection Agency a). This initial flowback is mostly wastewater, with high concentrations of dissolved solids, sand, as well as some oil and gas. The remaining water will eventually return in low concentrations with the oil when the well enters production.
Flowback wastewater and oil are separated and stored on site in temporary containments for later transport by truck.
The natural gas that is emitted from fracked oil wells is either collected for transport to a processing facility or flared. North Dakota does not have sufficient natural gas pipeline capacity to transport all of its gas to market. In 2011, one-third of natural gas released from oil wells in North Dakota was flared (Energy Information Agency ).
Much of this frack flowback wastewater has high salinity and total dissolved solids (TDS) levels, and is considered There is a scarcity of scientific literature on the impacts of fracking in the Bakken. Most of the concern over the environmental impacts of fracking has focused on natural gas 
THE MODEL
In order to assess the potential incentives to develop feasible technology to treat and recycle fracking wastewater, we developed a minimum cost-optimization model. Although the parameters used are speculative, we gathered the best information available and used the model to simulate the financial feasibility of a system of wastewater treatment and reuse under alternative treatment costs. The results of this and most other cost-optimization models assume optimal behavior that is never expected, but does provide a baseline for analysis.
Three alternative disposal methods were considered: off- The objective function is to minimize total cost for each well, where
where T ¼ transportation cost per truckload kilometer; 
PARAMETERS AND METHODS
We use a standard tanker truckload of 8,000 gallons or there is readily available natural gas that is currently flared for lack of transport capacity. All of these processes are more effective with low levels of TDS concentration. This is why only a small percentage of flowback water is suitable for treatment.
RO is a membrane system that is used in most of the world's desalination plants. RO We used production and deep disposal well locations provided by the North Dakota Department of Mineral
Resources to identify a set of 320 wells being drilled on 24
October 2012. Of these, we designated 274 as wells that would be sources of flowback water and 46 as wells that would receive flowback water. We used ArcGIS to calculate road distances between production and disposal wells.
We considered a number of sources to estimate the environmental costs of truck transport. Forkenbrock () estimates the costs of truck freight, including air pollution, noise, social costs of accidents, and unrecovered costs of road use at 13.2% of the financial costs of transportation. The Santa Cruz County Regional Transportation Commission () estimated the indirect costs of standard vehicle use, including air pollution, noise, social costs of accidents, unrecovered costs of road, and congestion at 39% of direct costs. When parking is excluded from this calculation, the cost is 33% of the financial costs, which is the figure used in this analysis or $0.34 per kilometer. Table 3 summarizes parameters used in the optimization model.
RESULTS
We used the OPTMODEL procedure from SAS to solve the minimum cost-optimization model (SAS Institute ).
When combined with ArcGIS data on road networks, this procedure can simultaneously solve for the minimum cost size and location of wastewater treatment facilities and transportation routes. At 40% of total flowback, each of the 274 wells being fracked will produce 56.8 truckloads of treatable flowback wastewater or a total of 15,561 truckloads for all 274 wells. In the base case, which uses the parameters as chosen and is presented in Table 4 , Not surprisingly, we found that on-site RO treatment was the lowest cost technology. On-site treatment implies fewer truck movements and lower transportation costs.
RO also has the lowest recycling treatment cost. The only advantage of the off-site BCE system is that a higher The results of the base-case analysis clearly demonstrate the financial incentives to recycle wastewater from on-site plants, either using membrane or thermal technologies if suitable technologies could be employed, and although RO is the globally preferred desalination technology, with the lowest costs according to Baker et al. () , this technology has yet to be proven feasible for recycling Bakken frack flowback water. Table 5 presents an analysis of the financial incentives to introduce a mobile recycling system. In this analysis, the possibility of off-site treatment was removed, and the cost of the on-site technology increases by $20 increments starting at $200 per truckload, a 40% increase over reported costs.
All other parameters remain the same as the base case. As
shown by the results in Table 5 Table 5 ). However, in the absence of a mobile technology that can effectively treat and recycle flowback water at a cost at or below $230 per truckload, there may remain a substantial niche market for more expensive recycling technologies, due to the transportation costs to and from wells that are distant from permitted SWDs.
CONCLUSIONS AND OBSERVATIONS
The exploitation of shale oil and gas formations will continue in North Dakota and throughout the world. It will bring both economic growth and environmental challenges.
The oil boom in western North Dakota has increased economic growth, population, and private and public sector revenue to the state. It is also challenging small prairie communities with unprecedented activity, stretching the region's is not a crucial priority to the petroleum industry, which has incentives to reduce costs and reduce truck traffic, but has a priority to frack wells and increase production.
When the environmental costs of transportation, including vehicle emissions, dust, and noise, are included in the model, the simulated truck traffic does not change. However, the reduced truck movements would marginally reduce congestion, traffic accidents, and vehicle emissions.
The environmental and community benefits of reduced truck transport from a recycle and reuse system should fuel public support for research to develop desalination technologies suitable for the quality of flowback water that is produced in the Bakken region. The North Dakota Petroleum Council does support research that develops technologies suitable to the Bakken petroleum industry, and adapting recycling technologies would be an appropriate use of these public funds.
Water management is an important concern in North Dakota. The fact that surplus water created with the Lake Sakakawea reservoir is available to North Dakota alleviates much of the concern over any overuse of other water supplies.
However, a change in ACE polices may require the oil industry to pay the ACE for water withdrawals. This payment is strongly opposed by the state of North Dakota. However, an increased cost of water supplies for fracking operations could add additional incentive toward the development of recycling technologies that could consequently reduce truck transport.
Although RO is currently used to treat salt and saline water to drinking water standards, the appropriate filters Dakota is a good case study to assess the incentives for developing recycling technologies. However, our modeling procedure for the Bakken region of North Dakota is appropriate for other western states and other regions. As worldwide demand for petroleum and natural gas remain high, it should be expected that fracking will expand. This expansion should increase the need to develop recycling systems for fracking flowback wastewater that are suitable for the particular needs of the region involved.
